Woody debris originating from riparian trees constitutes a common habitat in lakes in 24 forested areas, linking terrestrial and aquatic food webs (Schindler and Scheuerell 2002; Francis and 25 Schindler 2009) . Submersed logs and branches in littoral zones provide a surface for diverse 26 D r a f t 2 invertebrates utilizing wood for oviposition, pupation and emergence (Anderson et al. 1984) , as a 27 refuge (Everett and Ruiz 1993; Czarnecka et al. 2014 ) and source of food such as epixylic biofilm or 28 fine particulate organic matter (FPOM) retained by woody structures (Eggert and Wallace 2007; 29 Francis et al. 2007 ). On the other hand, macroinvertebrates colonizing wood subsidize many fish 30 species which search food and shelters among logs (Lewin et al. 2004; Sass et al. 2006 Sass et al. , 2012 . Thus, 31 woody debris supports the productivity of littoral zones and contributes to greater abundance and 32 diversity of littoral communities, particularly at sites with a high density of wood (Schindler et al. 33 2000; Schneider and Winemiller 2008) . 34
Woody debris in aquatic ecosystems is subjected to long-lasting degradation which is 35 triggered by microbes and invertebrates, namely burrowers and scrapers damaging the wood surface 36 (Dudley and Anderson 1982; Harmon et al. 1986; Guyette et al. 2002) . Hence, in littoral zones, freshly 37 introduced undecayed wood occurs together with wood in various stages of decomposition 38 (Smokorowski et al. 2006) . Decay processes soften the wood and result in the appearance of 39 numerous grooves and pits on its surface (Pereira et al. 1982; Harmon et al. 1986 ). Greater 40 roughness of the wood can have positive effects on the abundance and biomass of 41 macroinvertebrates, as it offers numerous shelters protecting against predators (Czarnecka et al. 42 2014) and increases the retention of FPOM on the rugged surface (O'Connor 1991). As has been 43 shown in streams, the progressive decay of the wood may also alter trophic conditions and thus 44 influence the taxonomic and functional composition of macroinvertebrates (Golladay and Webster 45 1998; Collier and Halliday 2000) , supporting communities which could benefit from diverse food 46 resources such as epixylic microbes (fungi, bacteria), wooden tissue and FPOM (Dudley and Anderson 47 D r a f t 3 macroinvertebrate communities in lakes are scarce so far and accounted only for a taxonomic 52 composition with invertebrates identified until order or family level (Smokorowski et al. 2006) . 53
The aim of this study was to explore how the decomposition of woody debris influences the 54 density, taxonomic composition and diversity of macroinvertebrates in littoral zones. To gain deeper 55 insight into the effects of wood decay on macroinvertebrate communities we also examined their 56 functional composition and functional diversity which represents the variability of species traits or 57 niches (Tilman et al. 1997; Cadotte et al. 2011) . Functional diversity describes how an ecosystem 58 functions and hence it provides more information than traditional diversity measures such as species 59 richness that indicates only the presence and abundance of species (Cadotte et al. 2011; Lyashevska 60 and Farnsworth 2011) . We conducted our study in undeveloped, riverine lakes, where submerged 61 wood is not subjected to human impact. We focused on fine woody debris (FWD) with a diameter 62 smaller than 5 cm and length below 1 m, which is usually most abundant in nearshore areas. We 63 hypothesized that more decayed wood will support abundant and highly diverse macroinvertebrate 64 communities due to combined effects of greater surface complexity of the wood and an increased 65 availability of food resources such as wood tissue and FPOM. Alterations in food conditions due to 66 progressing wood decay will be reflected in the taxonomic and functional composition of 67 macroinvertebrates. We also expected that highly decayed wood will harbour specific wood-68 associated communities dominated by xylophagous species. 69
Materials and methods 70

Site description 71
The study was conducted in three fluvial lakes in the Drawieński National Park Western Poland) in the course of the river Płociczna (Table 1 ). All lakes are located in an area with 73 minimal impact from human disturbances; their basins are predominantly covered by forest and the 74 riparian vegetation is dominated by deciduous trees, namely alder (Alnus spp.) and birch (Betula 75 spp.), but also pine (Pinus sylvestris L.). Sitno and Płociczno are shallow eutrophic lakes. Ostrowiec is 76 D r a f t 4 a mesotrophic lake, however, as it consists of four discrete basins, we confined our study to its 77 northern riverine part which is clearly eutrophic (http://dpn.pl/ostrowiec-and-gluche-lake). Since all 78 three studied lakes are characterized by low water transparency, aquatic vegetation mainly consists 79 of floating leaved and emerged macrophytes, with only sparse occurrence of submerged vegetation. 80
We randomly selected five sites at Sitno and Ostrowiec and three sites at Płociczno for 81 macroinvertebrate and woody debris sampling. The sampling sites were overshadowed by trees, and 82
were hence almost devoid of macrophytes. The bottom substrates were mainly represented by sand, 83 except Płociczno, where soft sediment (a mixture of sand and silt) dominated. At each site we 84 established a 10 m long transect, perpendicular to the shoreline, including the littoral zone at a 85 distance of 2 m from the shore (up to a depth of 0.5 m). This transect size was selected since 86 approximately 80% of woody debris originates from the first 10 m of riparian forest landwards from 87 the shore (Murphy and Koski 1989) and we also observed that most of FWD was confined to the 88 upper part of the littoral zone within the reach of overhanging trees branches. To estimate the total 89 area of woody debris available at the studied sites we counted all submerged wood pieces greater 90 than 1 cm in diameter within the transect and determined their length and diameter as the average 91 of two values measured at distal points. Subsequently, we determined the area of woody debris as 92 the sum of all individual wood pieces per m 2 of lake bottom. The collected wood was also assigned to 93 three decay classes (Table 2 ). The characteristics of littoral woody debris are summarized in Table 1 . 94
The highest wood surface per m 2 of lake bottom was recorded in Ostrowiec, whereas in Płociczno 95 littoral wood was least abundant. In nearshore areas, the contribution of decayed wood (class 2 and 96 3) was relatively high and constituted over 50 % of the whole woody debris surface area. Highly 97 decayed wood (class 3) particularly dominated in Sitno (63% of the total wood surface area), whereas 98 its lowest proportion was recorded in Ostrowiec (51% of the total wood surface area). 99
The taxonomic composition and functional diversity of macroinvertebrates 100
Total densities, density of xylophagous species, taxonomic richness and taxonomic diversity 126 (Shannon's diversity index, evenness) were calculated to test the effects of FWD decay states on 127 macroinvertebrate communities by means of analysis of variance (ANOVA). Prior to analyses, 128 macroinvertebrate data were log (x + 1) transformed to meet assumptions of normality and 129 heteroscedasticity. Richness was rarefied for 10 individuals to assess whether any effects on 130 taxonomic richness were simply artefacts of greater densities (Hurlbert 1971) . We also examined the 131 relationship between taxonomic richness and evenness using Pearson`s correlation. Differences in 132 the community composition among different decay states of FWD were further explored using non-133 metric multidimensional scaling (nMDS) ordination and analysis of similarities (ANOSIM), based on 134
Bray-Curtis measures of similarity (Clarke 1993 types), or in species composition (e.g. community) (De Cáceres et al. 2012) . 141
As a measurement of species functional diversity, we calculated three multidimensional 142 indices: functional richness (FRic), functional evenness (FEve) and functional dispersion (FDis), using 143 the R package FD (Laliberté et al. 2015) . Functional richness represents the amount of functional 144 space filled by the community and it can be estimated using the minimum convex hull of trait space 145 that includes all taxa (Villéger et al. 2008) . Functional evenness describes the evenness of density 146 distribution in a functional trait space (Mason et al. 2005) , whereas functional dispersion is the mean 147 distance of individual species to the centroid of all species in the community and simultaneously 148 quantifies functional trait dissimilarity and evenness within communities. It also integrates 149 information on relative densities (Laliberté and Legendre 2010). Differences in functional indices 150 between studied types of wood were tested using ANOVA, after log (x + 1) transformation.D r a f t
Results 152
Macroinvertebrate community on different types of wood 153
Density, number of taxa and taxonomic diversity 154
The wood decay state significantly influenced macroinvertebrate densities (F 2,30 = 10.13, p < 155 0.001) (Fig. 1A) . Highest mean densities of macroinvertebrates were recorded on wood with loose 156 bark (class 2, 5715 ± 914 SD ind. m -2 ), while the lowest densities were recorded on undecayed wood 157 (class 1, 2140 ± 427 SD ind. m -2 ). There were no significant differences between mean 158 macroinvertebrate densities on wood with loose bark and highly decayed wood (class 3, 5104 ± 933 159 SD ind. m -2 ). The contribution of xylophages to the overall density of the epixylic community was 160 high. They particularly dominated on wood with loose bark (59%), whereas on highly decayed and 161 undecayed wood xylophages occurred in lower proportions (52% and 48%, respectively). The 162 numbers of obligate xylophagous species (F 2,30 = 2.30, p = 0.001) and facultative xylophages (F 2,30 = 163 13.48, p < 0.0001) were significantly higher on more decayed wood (class 2 and 3) than on wood with 164 intact bark (class 1) (Fig. 1B) . Glyptotendipes pallens (Meigen) ( The wood decay state also influenced the number of macroinvertebrate taxa and diversity 171 indices (Fig. 2) . Richness differed significantly between undecayed (class 1) and more decayed wood 172 (class 2 and 3) (F 2,30 = 5.80, p = 0.007). The highest number of taxa was recorded on wood with loose 173 bark (class 2) and highly decayed wood (class 3) (43± 9 SD and 40± 11 SD, respectively), while on 174 wood with intact bark (class 1) 31 taxa (± 8 SD) were found. When the numbers of 175 macroinvertebrates on different wood classes were equalized using rarefaction, wood with looseD r a f t 8 bark and highly decayed wood were still associated with higher numbers of taxa than wood with 177 intact bark (Fig. 3) . Although there were no significant effects of the wood decay state on the 178 Shannon-Wiener index (F 2,30 = 0.26, p = 0.77), evenness values differed significantly (F 2,30 = 6.19, p = 179 0.006) and were highest on the wood with intact bark (J` = 0.33), whereas on wood with loose bark 180 and highly decayed wood evenness values were considerably lower (J` = 0.23 and 0.24, respectively). 181
We also found that taxa richness and evenness were negatively correlated (r = -0.473; p = 0.002). 182
Taxonomic composition of the macroinvertebrate community 183
The ANOSIM analysis revealed slight, but still significant differences in macroinvertebrate 184 community composition between different wood decay states (ANOSIM, R = 0.30; p = 0.001). 185
Similarly, a nMDS analysis showed only a small separation between macroinvertebrate assemblages 186 (Fig. 4) . Generally, communities colonizing wood with intact bark (class 1) were distinctly different 187 from those found on more decayed wood (class 2 and 3). 188
Regardless of the wood decay state, macroinvertebrate communities were dominated by G. 189 pallens and P. sordens (Chironomidae). The contribution of G. pallens to total macroinvertebrate 190 densities ranged from 33% on wood with intact bark to 42% on wood with loose bark, whereas the 191 contribution of P. sordens ranged from 10% on highly decayed wood to 13% on wood with loose 192 bark. Dicrotendipes nervosus (Chironomidae) occurred in equal proportion (6%) on all types of wood. sprawling/walking and swimming shredders (Sh_Spr and Sh_Swm) were significantly higher on more 216 decayed wood (class 2 and 3) than on wood with intact bark (class 1). Moreover, some functional 217 feeding groups were absent on undecayed wood (class 1), such as burrowing and swimming 218 predators (P_Bur and P_Swm), and sessile scrapers (Sc_Ses). Functional richness was significantly 219 lower on the wood with intact bark than on other types of wood (F 2,36 = 6.81, p = 0.003). However, 220 there were no differences in functional dispersion between wood decay states (F 2,36 = 0.13, p = 0.99), 221 even though its value progressively increased with wood decomposition. Higher values of functional 222 evenness on undecayed wood (class 1) indicated that functional groups were more evenly distributed 223 in comparison to more decayed wood (class 2 and 3) (F 2,36 = 3.17, p = 0.048). 224
Our study revealed that the decay state of the wood significantly influenced the density, 226 number of species and evenness of macroinvertebrate communities, and to lesser extent, their 227 taxonomic and functional composition. Decayed wood (class 2 and 3) constituted particularly 228 valuable habitat, as it supported more abundant and taxa rich communities than undecayed wood 229 (class 1). However, differences between wood with loose bark (class 2) and highly decayed wood 230 (class 3) were only visible to a small extent. 231
The abundances of macroinvertebrates were over twofold greater on more decomposed 232 wood (class 2 and 3) than on undecayed wood (class 1) and these results concur with findings 233 structures which offer many attachment possibilities may also contribute to greater densities of 241 epixylic taxa by reducing shear stress. Such an influence of wood has been shown in experimental 242 studies for both macroinvertebrates and algae constituting a potential food source for invertebrates 243 (Sabater et al. 1998; Gabel et al. 2008) . The complex microstructure of decayed wood can also 244 support high densities of macroinvertebrates by a provision of diverse shelters and decrease in 245 predation events (Czarnecka et al. 2014; Czarnecka 2016) . Such an effect was recorded with respect 246 to macroinvertebrate predators and their prey (Czarnecka et al. 2014) , although the interactions 247 among macroinvertebrates and predatory fish were more intricate and represented a trade-off 248 between different prey density, varied availability of refuge on undecayed and decayed wood, as well 249 as species-specific abilities of invertebrates to find shelters in woody structures (Czarnecka et al. 250 2014; Czarnecka 2016) . In our study, we observed that more decomposed wood (class 2 and 3) 251 D r a f t 11 provided significantly greater numbers of shelters than undecayed wood (class 1), and the wood 252 assigned to class 2 and 3 both provided a similar degree of protection, as macroinvertebrates 253 efficiently exploited spaces under loose bark, as well as pits and grooves in highly decayed wood. This 254 could explain minor differences between the densities of macroinvertebrate communities inhabiting 255 both types of decayed wood. 256
An additional level of complexity could be also gained by accumulations of sediment directly 257 on the wood surface, as well as around wood pieces, thus contributing to greater densities of 258 macroinvertebrates (O`Connor 1991; Francis et al. 2007 ). The complexity of hard surfaces may also 259 change over time due to the development of a biotic structure from the recruitment of species 260 (Smith et al. 2014) . For instance, the appearance of aggregations of sessile molluscs provides 261 additional sites for the attachment of invertebrates on the top of their shells, as well as in interstices 262 between individuals, and significantly increases densities of associated macroinvertebrates 263 (Burlakova et al. 2012 ). This could be also true for our study, since we recorded a systematic increase 264 of D. polymorpha densities with progressive decay of FWD. 265
The complexity provided by the increased wood roughness can also contribute to greater 266 taxonomic richness of macroinvertebrate communities (O`Connor 1991; Smokorowski et al. 2006) . 267 plant communities, it has been also suggested that key ecological processes such as competition, 280 predation and succession can alter diversity through changes in evenness without any change in 281 species richness and such an effect can be particularly strong at small spatial scales (Stirling and 282 Wisley 2001; Zhang et al. 2012) . Considering that decayed wood in our study was subjected to long-283 lasting succession processes, lower evenness besides high species richness could be a result of biotic 284 interactions such as selective predation (Czarnecka et al. 2014 ) and/or increased recruitment of 285 sessile molluscs (Burlakova et al. 2012) , which could affect macroinvertebrate abundances, and 286 consequently, the diversity of the community. 287
The taxonomic and functional composition of macroinvertebrates also revealed differences 288 between undecayed and more decayed wood. Our results indicate that the interacting effects of 289 increasing habitat complexity and wood softness, time of the wood exposition in water, as well as 290 changes in the quality of food resources with progressing decomposition of FWD exerted the 291 strongest impact on macroinvertebrates. We also found in the studied community a high 292 contribution of macroinvertebrates closely associated with wood (obligate and facultative 293 xylophages) which ranged from 48% on undecayed wood (class 1) to 59% of total invertebrate 294 numbers on wood with loose bark (class 2). 295
Previous studies conducted in streams have shown that invertebrates exhibit various 296 preferences to different decay states and softness of the wood (Anderson et al. 1984; Magoulick 297 1998; Collier and Halliday 2000) . Undecayed wood is usually occupied by facultative colonizers, but 298 as decomposition progresses, more specialised xylophagous species such as gougers and miners 299 occur (Anderson et al. 1984; Magoulick 1998; Collier and Halliday 2000 (Anderson et al. 1984; Collier and Halliday 2002) . In our study, chironomids dominated 307 in the community and they were mainly represented by mining G. pallens. Although this species 308 commonly occurs in different littoral habitats such as macrophytes (Wolfram et al. 2002) or stones 309 (Harrison and Hildrew 2001) , it is also found in woody debris and can be considered as an obligate 310 xylophage, since wooden tissue is often recorded in its guts (Dudley and Anderson 1982; Moog 311 1995) . Densities of G. pallens were clearly related to the decay state of the wood and the IndVal 312 analysis showed that it was particularly characteristic for wood with loose bark (class 2). According to 313 our observations, the preference of G. pallens to this type of the wood was related to the possibility 314 of mining inside the soft loose bark. We also found that three other species classified as facultative 315 xylophages were associated with more decayed wood (class 2 and 3). The chironomid species P. 316 sordens and the isopod A. aquaticus were most abundant on the wood with loose bark (class 2) (the 317 latter was also an indicator species for this class of the wood), whereas the Trichoptera species H. 318 radiatus was particularly numerous on highly decayed wood (class 3). Several authors recorded in 319 guts of all these taxa wooden fragments and suggested that at certain periods of life their growth 320 could be supported by nutrients derived from wood (Dudley and Anderson 1982; Moog 1995; 321 Schmedtje and Colling 1996; Hoffmann and Hering 2000) . 322
Changes in the availability of other food sources with progressing decay also exerted a strong 323 impact on the community and this was reflected by the varying functional composition of 324 macroinvertebrates. We found an increase in abundances of burrowing, sprawling/walking and 325 swimming collector-gatherers and burrowing active filter-feeders on more decayed wood (class 2 326 and 3) which could be an effect of consistent accumulations of FPOM following decomposition (Ward 327 D r a f t and Aumen 1986; Collier and Halliday 2000) and/or greater sediment deposition on complex rough 328 surfaces (O`Connor 1991). O`Connor (1991) has reported that several deposit-feeders 329 (Chironomidae, Oligochaeta and Nematoda) particularly preferred spots with thick sediment layer on 330 grooved snags. In our study, the burrowing filter-feeder Pisidium sp., which was a typical taxon for 331 highly decayed wood (class 3), could be a clear example of such a preference, as it usually occupies 332 muddy habitats with high accumulations of fine particles (Von Bertrab et al. 2013 ). The absence of 333 Pisidium sp. on undecayed wood suggested that suitable conditions for its colonization were created 334 after a long deposition of FPOM with progressing wood decomposition. Similarly, we recorded 335 greater densities of sprawling/walking and swimming shredders on more decayed wood (class 2 and 336
3) which could reflect a higher availability of coarse organic matter in this habitat (Heino 2008) . The 337 abundance of shredders was particularly high on the wood assigned to class 2 and this suggests that 338 disintegrating bark could be a valuable food source for these invertebrates. We also noticed 339 significantly greater densities of sprawling/walking and sessile predators on more decayed wood 340 (class 2 and 3). This complex habitat was associated with increased numbers of potential prey, but 341 also provided better protection against other predators (e.g. fish) than structurally simpler 342 undecayed wood. Such conditions usually attract a large number of invertebrate predators, as has 343 been observed in macrophytes, which increased the heterogeneity of nearshore zones (Warfe and 344 Barmuta 2006; Heino 2008) . However, in our study various predatory species exploited the decayed 345 wood in different ways. For instance, leeches that were characteristic for the wood with loose bark, 346 attached to the smooth surface of the wood under bark cover which simultaneously could protect 347 them against other predators. On the other hand, highly decayed wood (class 3) attracted numerous 348 dragonfly larvae P. pennipes. Their presence can be explained by the fact that ambush predators 349 using a sit-and-wait foraging strategy particularly benefit from high accumulations of potential prey 350 in complex habitats, because they are able to hunt there very effectively ( in rather large numbers during the initial stages of wood decay due to high abundances of algae 359 (Golladay and Webster 1988; Collier and Halliday 2000) . Algae colonizing undecayed wood probably 360 benefit from better light conditions that on decayed wood which retains high amounts of sediment. 361
This can be confirmed by other observations showing that densities and richness of scrapers were 362 usually negatively correlated with significant detritus depositions (Dudley and Anderson 1982; Heino 363 2008) . Thus, these findings could explain high contribution of C. intersectus and C. sylvestris on 364 undecayed wood in our study. However, it should be emphasized that other authors found greater 365 chlorophyll a concentrations on highly decayed wood than undecayed wood (Smokorowski et al. 366 2006) . It has been suggested that the increased roughness of the wood could promote the 367 development of abundant algal communities, as it offered a variety of attachment sites and 368 protection against shear stress (Sabater et al. 1998; Schneck and Melo 2013) . Less clear is the 369 relationship of G. albus with the wood with loose bark (class 2) in our study. However, research 370 conducted in streams has suggested that greater numbers of this species on decayed wood can be 371 explained by the fact that its growth could be additionally supported by fungi derived from 372 disintegrating tissue which is often scraped off the wood surface together with algae (Hoffmann and 373
Hering 2000). 374
In summary, more decayed wood (class 2 and 3) supported significantly greater functional 375 richness than undecayed wood (class 1). This could be an effect of higher species richness, as well as 376 increased heterogeneity of the habitat which enhances the diversity of functional traits (Petchey and 377 Gaston 2002; Heino 2008 ) and, as a consequence, increases resource use efficiency (Díaz and Cabido 378 2001). Therefore, the presence of high proportions of decayed wood in littoral zones could enhance 379 D r a f t the food web complexity, as well as ecosystem functions. Nevertheless, we noted the lack of 380 significant differences in functional dispersion (FDis) between studied types of wood, even though its 381 values slightly increased with advancing decay. This could be an effect of lower functional evenness 382 recorded on more decayed wood (class 2 and 3). Usually, the most functionally dispersed 383 communities consist of evenly distributed, dissimilar traits which contribute to the maintenance of 384 high process rates related to organic matter transformation (Frainer et al. 2014 ). However, 385 decreasing trait evenness may be also linked to enhanced organic matter decomposition if the 386 dominant trait (or group of traits) is the most productive (McKie et al. 2008; Frainer et al. 2014) . In 387 case of our study, burrowing and sprawling collector-gatherers significantly dominated on decayed 388 wood. They are usually associated with high concentrations of nutrients in fine sediments (Heino 389 2008) and primarily involved in the transformation of organic matter produced in decomposition 390 processes and retained in the littoral zone by structurally complex woody debris (Ward and Aumen 391 1986; Francis et al. 2007) . 392
The results of our study suggest that decayed wood is valuable habitat contributing to 393 greater densities and diversity of macroinvertebrates in the littoral zone. Hence, decomposed wood 394 can provide a diversified food source supporting fish that rely on benthic resources (Schindler and 395
Scheuerell 2002; Francis and Schindler 2009). High densities of xylophages, collector-gatherers, 396
shredders and predators on decaying wood indicate that this is also a site of intensive metabolic 397 activity of macroinvertebrates. Particularly xylophages and burrowing/mining species can perform 398 important roles in nutrient cycling , since they trigger the fragmentation of wood due to damaging its 399 surface, which exposes new layers available for microbial colonization. Thus, macroinvertebrates 400 accelerate wood decay and nutrient liberation (Pereira et al. 1982; Anderson et al. 1984) . The 401 recognition, how woody debris contributes to the maintenance of biological diversity and ecosystem 402 functions in littoral zones is crucial from the point of view of conservation. Prior to increasing human 403 impacts, submerged wood formed an essential habitat in lakes with forested shorelines (Armitage et 404 al. 1995) , but currently woody debris is increasingly lost due to shoreline development and 405 D r a f t intentional removal (Francis et al. 2006; Marburg et al. 2009 ). In addition, according to our 406 observations, developed lakes are usually poor in more complex, decayed wood. As wood 407 decomposition enhances microbial processes and supports secondary production of invertebrates 408 that in turn can subsidize upper trophic levels, the loss of the woody habitats can be severe, 409 
